Introduction
Tight oil and gas have received more and more focus in the petroleum industry as an important direction of energy exploration in recent years (Jia et al., 2012; . To effectively explore for tight oil, the presence of strong heterogeneity, low porosity, and low permeability is necessary to clearly show the reservoir quality differences and high-quality reservoir development areas (Dou et al., 2017; Wang et al., 2017) . The Chang 8 reservoir is a typical tight sandstone reservoir in the Ordos basin of China, and it is the key development layer of the study area (Ye et al., 2018) .
In order to clarify the formation and development characteristics of the tight oil reservoir, a large number of studies have examined the sedimentation and diagenesis of the reservoir (Dou et al., 2017; Wang et al., 2017; Guo et al., 2018) . The types of porosity in tight sandstone reservoirs are affected by both the sedimentary conditions and diagenesis, and sedimentary conditions determine the petrological characteristics of sandstone and the extent of development of primary intergranular pores. In recent years, studies regarding diagenesis have focused on damage to reservoir quality caused by mechanical compaction and cementation (Ma et al., 2012) ; the effect of petroleum emplacement; clay film cementation and the effect of dissolution on the preservation of primary porosity and the development of secondary porosity (Li et al., 2006) ; and the resistance to compaction from the early formation of calcite and chlorite (Huang et al., 2004) . In addition, there are some studies that combine seismic and logging information to predict reservoirs (Zhang et al., 2014; Fan et al., 2018) . However, the key to accurate prediction is to establish a correct classification of reservoir or lithology and accurately combine geological information and seismic or logging information. After Railsback (1984) put forward the concept of diagenetic facies, this concept has evolved. Diagenetic facies take full consideration of the effects of minerals, diagenesis, and diagenetic evolution sequence on the reservoir quality and pore structure, reflecting the characteristics of the reservoir property and explaining the formation of the reservoir. Diagenetic facies will contribute to comprehensive evaluation of tight sandstone reservoirs and the prediction of favorable zones (Zou et al., 2008; Morad et al., 2010; Maast et al., 2011) .
Based on the division of diagenetic facies, some studies added well logging data to predict diagenetic facies distribution. For example, Lai et al. (2015) calculated the diagenetic coefficient of each diagenetic facies on the basis of diagenetic facies division and then used well logging data to calculate the diagenetic coefficient, so as to predict the diagenetic facies indirectly. However, the distribution ranges of diagenetic coefficients of each diagenetic phase may overlap, so with this method it is difficult to accurately predict diagenetic facies type.
In recent years, neural network methods such as probabilistic neural networks (PNNs) (Kakouei et al., 2014; Rafik et al., 2016; Maurya et al., 2018) or artificial neural networks (ANNs) (Wang et al., , 2014 Ghosh et al., 2016) have been widely used for the prediction of reservoir information. PNNs have been proven highly accurate for the prediction of shale lithofacies , so we used this method for data analysis.
In this study, we plan to establish a standard of diagenetic facies division based on the characteristics of diagenesis and pore structure, based on core sample information and corresponding logging data, and establish the prediction model by the PNN method. Using this model to predict the distribution of diagenetic facies and a favorable area for the development of the reservoir will provide a new method for the prediction of tight sandstone reservoirs.
Geological background
The Ordos Basin is one of the largest petroliferous sedimentary basins in China, located in the western part of the North China Craton. It can be regionally subdivided into 6 structural units, including the Yimeng uplift, the Weibei uplift, the Jinxi fault-fold belt, the Yishan slope, the Tianhuan depression, and the western margin fault belt (Li et al., 2008) (Figure 1 ). The Maling area is located in the southwest Ordos Basin, across the southern part of the Shanbei slope and the Tianhuan depression. It has a smooth structure and an undeveloped fault (Figure 1) .
The Yanchang Formation represents the whole lacustrine basin evolution and is separated into 10 members (Chang 10 to Chang 1, in ascending order) (Guo et al., 2018) (Figure 2a) , and it consists of five third-order transgressive-regressive cycles: Chang 10, Chang 9-Lower Chang 8, Upper Chang 8-Chang 7, Chang 6-Chang 3, and Chang 2-Chang 1 (Zhou et al., 2016) . The Chang 8 member consists of shallow lacustrine delta deposits with well-developed distributary and subdistributary channel sand bodies (Ye et al., 2018) (Figure 2b ). According to the characteristics of the cycle, the Chang 8 member is divided into Chang 8 1 and Chang 8 2 . The total sedimentation thickness of the study area is about 70-90 m. The Chang 8 1 reservoir is distributed in a large area in succession along the sand body, while the Chang 8 2 reservoir is distributed in several lobes with a small oil-bearing area (Ye et al., 2018) .
The reservoir rock of the Chang 8 member is mainly fine-grained sandstone; intense compaction and carbonate cementation have caused its poor physical properties. Due to the effects of factors such as the extension of the sedimentary facies belts and diagenesis of compaction and carbonate cementation, the reservoir has low porosity-low permeability, with strongly homogeneous characteristics (Ma et al., 2012) . In particular, the diagenetic effect on reservoir reconstruction after deposition determines the ultimate reservoir conditions.
Samples and methods
For this study, 330 core plugs were obtained from 30 wells. A total of 330 polished thin sections were prepared by vacuum impregnation with blue or red epoxy resin for analyzing sandstone petrography and pore characteristics.
All the samples were tested using industry-standard methods. The test equipment was provided by the State Key Laboratory of Oil and Gas Reservoir Geology and Exploration of Southwest Petroleum University.
Thin sections were analyzed using an LV100PO polarized optical microscope (Nikon). The compositions and textural characteristic of the sandstone, including content of minerals, pore types, and sorting parameters, were calculated based on 300-point count modal analysis. Grain size and surface porosity analyses were performed using Corephic image analysis software.
On the basis of thin-section identification, the lithofacies were preliminarily divided. In order to observe the microscopic pore structure and cement minerals of different lithofacies samples, 40 samples of different lithofacies were selected for scanning electron microscope tests, and an FEI Quanta 450 ESEM was used for the analyses. Ten samples rich in calcite cement were selected for composition analysis, analyzed by energy spectrum analysis (EDAX) and a cathode luminescence microscope (CL 8200-MK5).
A total of 150 core plugs of 2.54 cm in diameter were selected to test porosity and horizontal permeability data using a Low-Permeability Gas Measurement 700 unit made by Sanchez Technologies, under a net pressure of 3.5 MPa. Nitrogen gas was used to determine permeability. In addition, about 300 examples of porosity and permeability data were collected from the Institute for Geological Research of the Second Oil Extraction Factory of the Changqing Oilfield.
High-pressure mercury injection (HPMI) using a Quanta Chrome Poremaster-60 mercury injection apparatus was performed on 10 samples of pore-developed diagenetic facies. Capillary pressure curves, threshold pressure, maximum pore radius, medium pore throat radius, and maximum mercury saturation was obtained.
The PNN method was used to determine the distribution of diagenetic facies. Approximately 120 wells with standard wire line logs were selected.
Results and discussion

Characteristics of petrography and pore system
The material composition of sandstone is dominated by quartz, feldspar, and rock fragments. Quartz content ranges from 25% to 76%, with an average of 48%; feldspar content ranges from 22% to 46%, with an average of 32%; and content of rock fragments averages 20%. Sandstone content is characterized by low quartz and high feldspar and rock fragment. According to the Folk (1974) sandstone classification scheme, the lithology is mainly lithic arkose and feldspathic litharenite. Component maturity (Q/F+L) is low. Rock fragment types are mainly metamorphic rock and igneous rock. The content of interstitial materials ranges from 5% to 15%, mainly clay minerals, siliceous minerals, and carbonate minerals. Chlorite (Figure 3a) , kaolinite ( Figures 3b and 3c) , illite, and calcite (Figures 3d and 3f) are highly developed. The clastic particles' sorting is medium and mainly subangular. Particle size is mostly fine or fine-medium, while structural maturity is low. Luo and Wang (1986) performed a detailed study on the pore structure of the reservoir and proposed the division of the pore space into primary pores, secondary pores, and fractures according to the origin mechanism. According to this classification, the pores in the reservoir sandstone of the Chang 8 member mainly include residual primary intergranular pores, intergranular pores (Figure 3a) , intergranular dissolved pores (Figure 3b ), intragranular dissolved pores (Figure 3c ), and clay mineral intercrystalline pores (Figure 3b ) formed by dissolution of feldspar and rock debris. The surface porosity of sandstone is usually less than 10%. In general, 90% of the surface porosity is residue of primary intergrain pores and secondary dissolution pores, reflecting the preservation of intergrain pores and the formation of secondary pores as the main factors in reservoir development. The Chang 8 reservoir is mainly composed of primary pores and secondary pores, such as residue intergrain pores, secondary dissolution pores, and intercrystal pores. Based on microscopic and SEM analysis, the sandstone pore throats are mainly necking throats and punctual throats (Figures 3a and 3b ).
Diagenetic facies division and reservoir quality
The diagenetic facies is a comprehensive reflection of diagenesis types and strength, diagenetic minerals, and other information (Zou et al., 2008; Zeng et al., 2013) . Therefore, it is widely used in reservoir classification, reservoir quality genesis analysis, and reservoir 'sweet spots' prediction (Fu et al., 2009; Ozkan et al., 2011) .
Based on lithological characteristics including the texture, composition, type and degree of diagenesis, diagenetic minerals, and pore structure characteristics, the Chang 8 sandstone has been divided into 6 diagenetic facies: facies A, an intensely compacted facies ( Figure  4a) ; facies B, a weakly compacted chlorite and authigenic quartz cement facies ( Figures 4a and 4b) ; facies C, a weakly compacted chlorite and calcite cement facies ( Figure 4c) ; facies D, a dissolution and Fe-calcite cement facies ( Figure  4d) ; facies E, an intensely compacted dissolution facies ( Figure 4e) ; and facies F, an intensely calcite cemented facies (Figure 4f ). The standard of each facies category and their logging responses are summarized in the Table. The porosity of Chang 8 sandstone ranges from 0.35% to 11.6%, with an average of 8.3% (Figure 5a ). Permeability ranges from 0.001 × 10 -3 µm 2 to 0.5 × 10 -3 µm 2 , with an average of 0.42 × 10 -3 µm 2 (Figure 5a ), defining it as a low porosity-low permeability reservoir. A good correlation is observed between porosity and permeability, indicating that the interpores and intrapores are the major storage spaces and percolation pathways. In the 6 diagenetic facies, the porosity development degree of the B and E facies is significantly higher than that of the other diagenetic facies. These two facies have high porosity and permeability (Figures 5b and 5c ). According to analysis by HPMI, the displacement pressure of the Chang 8 sandstone ranges from 0.15 MPa to 10.46 MPa with an average of 2.12 MPa, indicating high displacement pressure. The medium radius ranges from 0.01 µm to 0.53 µm with an average of 0.07 µm. The sorting coefficient ranges from 0.04 to 5.38 with an average of 1.49, classified as medium to well sorted. The maximum advance mercury saturation level ranges from 16.42% to 87.56% with an average of 66.23%. The average value of retreat mercury saturation level is 26.56%. The pore-throat combination type is small pore-capillary throats, and with the decrease of porosity, the displacement pressure increases (Figure 5d ). The pore structure parameters of facies B were the best, followed by facies E. The other facies are highly densified, making it difficult to extract oil.
The facies that are suitable for the development of reservoirs are B and D. For chlorite-authigenic quartz cement facies, the porosity is generally greater than 9.5% (Figure 5b ), but chlorite can block throat paths to reduce the permeability to less than 0.6 × 10 -3 µm 2 ( Figure 5c ).
This facies commonly grows in underwater distributary channels and estuary bars and is considered to be the favorable diagenetic facies. The dissolution facies has an average porosity of 6.9% ( Figure 5b ) and an average permeability of 0.84 × 10 -3 µm 2 (Figure 5c ), and mainly develops in underwater distributary channels as a second favorable diagenetic facies.
Diagenesis type and its control of reservoir quality
The diagenesis after sediment burial determines the properties and quality of the reservoir rock by controlling the evolution of pores . The effects of different diagenesis paths on the quality of reservoir rock are summarized as follows: strong compaction (pressolution) leads to a rapid decrease in porosity and permeability in the early stage after burial; chloriterimmed cement that forms in early diagenesis inherits the formation of secondary concrescence of quartz edges to retain the pore structure among primary grains, but the permeability decreases due to throat blocking by the chlorite membrane (Huang et al., 2004) ; siliceous and carbonate cements intensify the compaction of the reservoir by cementing pore space; and the intrusion of hydrocarbons inherits the growth of quartz and authigenic illite in inorganic diagenesis environments and promotes the dissolution of dissolvable components such as feldspar and lithic fragments in acidic fluid and forms secondary pores to improve the permeability of reservoirs. When fluid activity inside the reservoir becomes strong with high seepage velocity, kaolinite, as a secondary byproduct of feldspar dissolution, is transported to improve the properties of the reservoir. In contrast, in situ precipitation of kaolinite, such as that blocking pores and throat paths, cannot significantly improve the properties. Platy and filamentous illite, which packs pores and fills illite/smectite layers, can increase the specific surface of the internal rock and can reduce the efficient pore radius with distinctly decreased permeability. Weak structural fractures cannot strongly reform the reservoir.
The effects of diagenesis on pore evolution can be quantified as follows: average primary porosity is 38.2%; the compaction effect reduces porosity by 19.5%; chlorite, siliceous, and clay mineral cements reduce porosity by 15.6%; and the remaining primary porosity is 3.1%. The dissolution effect increases porosity by 2.85%. Eventually, the porosity is approximately 7.75%.
Prediction of diagenetic facies
Neural network algorithms have advantages over other methods when dealing with irregular and complex data among which a general relationship cannot be established (Lippmann, 1989; Aminzadeh, 2000; Ahmadi, 2011) . This method can determine the hidden relationship between the input information. Then that information can be trained with a set of responses and can be used to predict responses for unobserved samples (Reza et al., 2018) . McCulloch and Pitts (1943) proposed the logical simulation model, which became the basis of many PNNs. Afterwards, the perception network was introduced by Rosenblatt (1958) . As nonlinear algorithms, neural networks are widely used for time series analysis, data classification, response modeling, and parameter estimation.
A PNN is an ANN that is based on statistical principles. It is a feedforward network model that uses the Parzen window function as the activation function. There are two hidden layers (Figure 6 ). The first and last layers are the input and output layers, and the middle two are the hidden layers. The first hidden layer is the mode element layer that uses Parzen windows as the activation function, whereas the second hidden layer is the sum unit layer that takes the sum of the selected outputs of the first hidden layer (Cheng et al., 2007) .
In the prediction model, the first input includes the types of sample diagenetic facies and relevant logging data, including acoustic (AC), density (DEN), natural gamma ray (GR), spontaneous potential (SP), and true formation resistivity (RT) data, to build the diagenetic facies recognition model. Since the dimensions of logging data are different, normalization of the logging data is necessary. Linear normalization is used for AC, DEN, GR, and SP and logarithmic normalization is used for RT.
The linear normalization formula is:
(1)
The logarithmic normalization formula is: (2) Here, X is the normalized logging data, X′ is the original logging data, X′min is the minimum of the original logging data, and X′max is the maximum of the original logging data.
Based on the PNN identification principle, by assessing the values of individual logging curves for a single well, the diagenetic facies for a single well can be predicted. For input vector x, the output value of the ith neuron Y j in the output layer of the PNN can be represented by:
Here, x is the input vector, M is the number of the output layer neurons, W jk is the connection weight of the jth neuron of the second hidden layer and the kth neuron of the output layer, H k (x) is the output of the kth neuron of the second hidden layer, N k is the number of the hidden layer center vectors of the Nth category of the first hidden layer, P(·) is Parzen window function, ‖·‖ is the Euclidean norm, and C ki is the ith hidden layer center vector of the kth category of the first hidden layer.
After the method was established, the corresponding well logging information of thin section was found on the logging curve. Model training was based on 200 sample data. The return discriminant ratio of the sample data training results is 96.5%. For the wrongly predicted samples, the types of sandstone diagenetic facies were reidentified. These samples belong to dense diagenetic facies, and complex diagenesis caused errors. Considering the high accuracy of the model in predicting the developed diagenetic facies of major reservoirs, these errors can be ignored.
In order to verify the correctness of this model, we took well L-261 as an example and used this model to predict the distribution of the diagenetic facies in this profile. Forty-six core samples were vertically distributed in all sand bodies of the Chang 8 member, and the diagenetic facies of these samples included all 6 types in the division scheme.
The main sedimentary microfacies of the sand body in the study area are the distributary channel, underwater distributary channel, and mouth bar. According to the thin-section characteristics statistics, the reservoir mainly developed in the sandstone of facies B and E. These two facies developed in the fine/medium-grained sandstone in the middle or lower part of the underwater distributary channel and mouth bar sand body, and the development area of these facies is usually adjacent. Logging response shows low GR, SP, and RT values and high AC values, while DEN values have little difference from others facies. Facies A developed in siltstone and fine-grained sandstone at the edge of the sand body, and facies D developed in fine/fine-medium-grained sandstone at the edge of the sand body, and the development degree is strongly affected by the thickness of the adjacent mudstone layer. Facies C and F are mainly controlled by the cementation of siliceous and calcareous materials; the materials of the cements are related to the dissolution of feldspar and rock fragments, making these two diagenetic facies usually adjacent to facies E. Facies A, C, D, and F are characterized by high densification, low porosity, and poor permeability. Compared with sandstone developed in facies B and E, values of GR, SP, RT, and DEN are relatively high, while the AC value is relatively low (Figure 7 ). Prediction based on logging data showed the continuous distribution of diagenetic facies on the longitudinal section. The accuracy of the prediction results was 95.7%. Distribution characteristics of diagenetic facies predicted continuously were consistent with the law of thin-section identification. The prediction shows that the development of facies B and E is closely related to the size of the sand body, and the diagenetic facies has a good correspondence with porosity and permeability. Thus, this method is strongly effective in predicting sandstone diagenetic facies ( Figure 7) .
As showed by the prediction results, the development degree of facies B and E in the Chang 8 1 member is higher than that in the Chang 8 2 member (Figure 7 ). In addition, favorable reservoir diagenetic facies mainly develop in the middle parts of the thick sand, which that are composed of medium-and coarse-grained sandstone.
On this basis, we predicted the diagenetic facies distribution in the Chang 8 member of other wells by computing the cumulative thickness of the favorable diagenetic facies (B and E). The combined distribution map of favorable diagenetic facies and sand thickness was obtained. The distribution of favorable diagenetic facies matches well with the horizontal development of the sand body but is not totally determined by the sand distribution.
The Chang 8 1 member has two favorable diagenetic facies regions in the northwest and southeast parts of the study area. Facies B mainly develops in distributary channel sands and mouth bar sands where sand body thicknesses are greater than 8 m. Facies E mainly occurs in the middle of distributary channel sands where sand body thicknesses are greater than 5 m. The sand body affects the distribution of cement (Figure 8) .
The sand body scale of the Chang 8 2 member is obviously smaller than that of the Chang 8 1 reservoir. Facies B develops only in a small region of the study area, in a narrow strip shape, in the middle of the distributary channel sands where the sand body thickness is greater than 8 m. The distributary channel sands are distributed in strips in the study area. Facies E develops in a strip shape in the middle of the distributary channel sand where the sand body thickness is greater than 3 m (Figure 9 ).
Conclusion
1) Chang 8 tight sandstone is mainly lithic-feldspathic sandstone and feldspathic-lithic sandstone, with abundant interstitial material. The compositional maturity and structural maturity are low. Types of porosity are primary and secondary, and the reservoir has low porosity-low permeability characteristics.
2) The diagenesis of the Chang 8 tight sandstone is complicated. The chlorite coating effectively protects the primary porosity of the reservoir. Hydrocarbon emplacement and the dissolution of feldspar and rock fragments improve reservoir porosity and permeability. Compaction, silica, and carbonate cement have contributed to reservoir densification.
3) Chang 8 reservoir sandstone can be divided into 6 diagenetic facies. Weakly compacted and chloriteauthigenic quartz cement facies and intensely compacted dissolution facies are favorable for reservoir development. The weakly compacted and chlorite-authigenic quartz cementation facies develops in distributary channel sands and channel mouth bar sands where sand body thicknesses are greater than 8 m. The intensely compacted and dissolution facies develops in the middle parts of distributary channel sands with sand body thickness greater than 3 m. The distribution of favorable diagenetic facies shows a good match with the development of distributary channel sands but is not totally determined by the sand distribution. The favorable diagenetic facies develops more in the Chang 8 1 member than in Chang 8 2 .
